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Bacillus pumilus 15.1 reveals that it produces inclusion bodies
similar to the parasporal crystals of Bacillus thuringiensis
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Abstract In the present work, the local isolate Bacillus
pumilus 15.1 has been morphologically and biochemically
characterized in order to gain a better understanding of this
novel entomopathogenic strain active against Ceratitis
capitata. This strain could represent an interesting
biothechnological tool for the control of this pest. Here, we
report on its nutrient preferences, extracellular enzyme pro-
duction, motility mechanism, biofilm production, antibiotic
suceptibility, natural resistance to chemical and physical in-
sults, and morphology of the vegetative cells and spores. The
pathogen was found to be β-hemolytic and susceptible to
penicillin, ampicillin, chloramphenicol, gentamicin, kanamy-
cin, rifampicin, tetracycline, and streptomycin. We also report
a series of biocide, thermal, and UV treatments that reduce the
viability of B. pumilus 15.1 by several orders of magnitude.
Heat and chemical treatments kill at least 99.9 % of vegetative
cells, but spores were much more resistant. Bleach was the
only chemical that was able to completely eliminate
B. pumilus 15.1 spores. Compared to the B. subtilis 168
spores, B. pumilus 15.1 spores were between 2.67 and 350
times more resistant to UV radiation while the vegetative cells
of B. pumilus 15.1 were almost up to 3 orders of magnitude
more resistant than the model strain. We performed electron

microscopy for morphological characterization, and we ob-
served geometric structures resembling the parasporal crystal
inclusions synthesized by Bacillus thuringiensis. Some of the
results obtained here such as the parasporal inclusion bodies
produced by B. pumilus 15.1 could potentially represent viru-
lence factors of this novel and potentially interesting strain.

Keywords Entomopathogenic bacteria . Crystal inclusions .

Bacillus pumilus . UVresistance

Introduction

Bacillus pumilus was described by Meyer and Gottheil in
1901 (Skerman et al. 1989). B. pumilus belongs to the
Bacillus genus, which comprises of 304 recognized species
to date (9th of December 2015) (Euzeby 1997), several of
them of high ecological, biotechnological, and medical rele-
vance. B. pumilus is ubiquitous in the environment and has
been isolated from soil (Garbeva et al. 2003; Padaria et al.
2014; Shagimardanova et al. 2014), sea, andmarine sediments
(Liu et al. 2013; Nithya and Pandian 2010) as well as
fermented foods (Afifah et al. 2014; Yamanaka et al. 2007).
The bacterium is associated with animals (Parvathi et al. 2009;
Zhang et al. 2009) and plants either as an endophyte (Asraful
Islam et al. 2010; Ren et al. 2013) or as an epiphyte (Cao et al.
2001). Furthermore, B. pumilus has been isolated from unusu-
al places such as interior parts of Sonoran desert basalt
(Benardini et al. 2003), from a spacecraft assembly facility,
and the surface of the International Space Station (La Duc
et al. 2003; Newcombe et al. 2005).

B. pumilus has a high economic relevance owing to the
wide range of applications that this microorganism and its
products have in biotechnology, industry, biopharma, and en-
vironmental sectors. Many B. pumilus strains have been used
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for degrading xenobiotic compounds (Hayase et al. 2004;
Meyers et al. 1991), as plant growth promoters (de-Bashan
et al. 2010; Thomas 2004), as antimicrobial agents (Aunpad
and Na-Bangchang 2007; Ouoba et al. 2007), or as animal and
human probiotics (Duc le et al. 2004; Prieto et al. 2014).

Several B. pumilus strains are known to exhibit biological
activity useful for biocontrol of many fungal species of
Aspergillus, Penicillium, Fusarium, Phytophthora,
Rhizoctonia, and Pythium (Asraful Islam et al. 2010;
Munimbazi and Bullerman 1998). Traditionally, B. pumilus
has not been considered an entomopathogenic species.
However, a few cases of B. pumilus strains with activity
against insects have been reported (Ertürk et al. 2008; Heins
et al. 1999; Molina et al. 2010; Yaman et al. 2010). The pat-
ented B. pumilus AQ717 strain, which is active against corn
rootworm (Heins et al. 1999), was able to produce metabolites
in the supernatant of the whole culture that were useful as
biocontrol agents. Similarly, strains of B. pumiluswere report-
ed to be active against the Colorado potato beetle,
Leptinotarsa decemlineata, larvae (Ertürk et al. 2008) and
the great spruce bark beetle, Dendroctonus micans, larvae
(Yaman et al. 2010). Although these strains are described to
be active against insects, little is known about them and the
toxicity-causing agent.

We previously reported the isolation of a novel strain,
B. pumilus 15.1, active against Ceratitis capitata (Diptera:
Tephritidae) larvae, the Mediterranean fruit fly (Molina et al.
2010), one of the worst worldwide distributed insect pests
affecting more than 300 fruits and vegetables of agriculture
importance (Szyniszewska and Tatem 2014). Furthermore, we
also described a method for increasing the toxicity of this
strain (Molina et al. 2009). B. pumilus could play an important
role as a biological control agent in pest management in the
future as many other new emerging entomopathogenic bacte-
rial species (Ruiu 2015), so an in-depth characterization of it
was needed in order to get practical knowledge of the strain
and to further optimize its virulence. In this work, we centered
our efforts on microbiological, morphological, and biochem-
ical characterization of B. pumilus 15.1 in order to acquire a
better knowledge of this biotechnological interesting strain.
Our results provide some interesting insights into potential
virulence factors of B. pumilus 15.1 strain that could be used
for controling C. capitata populations.

Materials and methods

Bacterial strains and culture conditions

Ten bacterial strains were used in this study: the B. pumilus
strain 15.1 (Spanish Type Culture Collection ref. CECT 7462)
with entomopathogenic activity against C. capitata (Molina
et al. 2010), the acrystalliferous strain of Bacillus

thuringiensis var. israeliensis IPS 78/11 (Ward and Ellar
1983), B. thuringiensis var. kurstaki HD1 (Dulmage 1970),
two B. pumilus strains (B. pumilusM1 and M2) isolated from
the sea and kindly provided by Dr. C. Calvo (Uad et al. 2007),
B. subtilis 168 (Burkholder and Giles 1947), Bacillus cereus
569 (Benedict et al. 1945), Pseudomonas putida MAX10
(Manzanera et al. 2004), Burkholderia cepacia DSM 9241
(Palleroni and Holmes 1981; Yabuuchi et al. 1992), and
Escherichia coli XL1 Blue (Bullock et al. 1987). Luria-
Bertani (LB)mediumwas routinely used for growing bacteria.
When sporulation was required, liquid T3 medium (Travers et
al. 1987) was used and cultures were kept at 30 °C and
240 rpm for 72 h. E. coli was grown at 37 °C while the rest
of the strains were grown at 30 °C, unless otherwise stated.

Characterization of metabolic profile

Commercially available plates with 95 biochemical tests, fre-
quently used to type bacterial strains, were used to determine
the biochemical profile of several strains. Biolog GP2
MicroPlates™ (Biolog Catalog #1014) were used following
manufacturer’s instructions. The Bacillus strains were cul-
tured overnight in LB medium at 30 °C and 240 rpm. The
bacterial cultures were diluted in 18 ml of sterile gelling inoc-
ulating fluid (Biolog Catalog #72101) to a final suspension
with 28 % of transmittance, and 150 μl of the bacterial sus-
pensions was transferred into each well. After 4 and 24 h of
incubation at 30 °C, wells were visually compared with the
negative control well. All wells visually similar to the negative
control were scored as negative and all wells with a noticeable
purple color were scored as positive. Each strain was tested
three times. Those compounds weakly used by the strain
could show variation in color production in each repetition.

Protease, lipase, catalase, and hemolytic activity

Extracellular protease activity was assayed by methods previ-
ously described with minor modifications. Very briefly, 10 μl
of an overnight culture in LB of the strain was placed on LB
plates supplemented with casein 2 % (Montville 1983), or
skimmed milk powder 3 % (Rahman et al. 2007), and grown
at optimal temperature. The ability to produce proteases was
determined by the formation of clearing zones around the
colonies on the solid turbid media after 24 and 48 h.

Extracellular lipase activity was assayed using LB plates
containing olive oil 3 % (v/v) and rhodamine B 0.1 % (w/v)
(Solaiman et al. 2001). Ten microliters of an overnight culture
in LB was placed on testing plates and incubated at optimal
temperature for 48 h. Extracellular lipase activity was revealed
by the fluorescent halo appearing around the bacterial biomass
when visualized under UV light (320 nm). Strains with no
fluorescence halo were considered negative to extracellular
lipase activity.
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Catalase activity was detected by the production of O2

when a colony was immersed with the use of a sterile loop
in a 3 % solution of hydrogen peroxide (Barbosa et al. 2005).

Hemolytic activity was determined on BD™ Columbia
agar plates with 5 % sheep blood (Catalog #254005). Ten
microliters of an overnight culture in LB were placed on the
testing plates and incubated at optimal temperature. Clear
halos as a result of a hemolytic activity were measured after
48 h of incubation. All tests were performed in duplicates.

Motility assays

Motility assays were performed as previously described
(Houry et al. 2010) with minor modifications. In brief, strains
were grown in T3medium at 240 rpm and 30 °C until cultures
reached an optical density of 1 at 600 nm. Then, 5 μl of the
cultures was placed on an LB soft-agar plate (0.3 % agar) and
incubated at 30 °C for 24 h.

For determining swarmingmotility, LB agar plates contain-
ing 0.5, 1, and 1.5% agar were prepared 1 h before inoculation
and dried with lids opened inside a laminar flow hood for
15 min (Hamze et al. 2011). Five microliters of the bacterial
culture, obtained as previously described, was placed on each
plate and incubated at 30 °C for 24 h.

The extent of motility was determined as the diameter of
the colony after 12 and 24 h.

Biofilm formation

Biofilm formation was tested as previously described
(O’Toole and Kolter 1998) with minor modification.
Essentially, 5 ml of T3 medium was inoculated with the strain
under study and incubated at 30 °C, 240 rpm for 4 h. Cultures
were diluted (1:100) into 5 ml of fresh medium inside a 20-ml
polystyrene tube and incubated at 30 °C for 24 h without
agitation. After that, bacterial cultures were discarded and
polystyrene tubes were rinsed with sterile distilled water
to remove loosely associated bacteria. Biofilm formation
was observed as a bacterial ring formed in the interface air
and medium. Biofilms were stained by incubation with
6 ml of 1 % crystal violet solution in water for 15 min
at 30 °C. Then, tubes were washed with sterile distilled
water repeatedly to remove the excess of the stain. Tubes
were treated with 5 ml of 95 % ethanol and vortexed until
the blue ring on the walls of the tube disappeared. Biofilm
production was quantified by measuring the absorbance of
the resulting solution at 600 nm. Four replicates for each
strain were made.

Determination of MIC for B. pumilus 15.1

Minimum inhibitory concentration (MIC) is the lowest con-
centration of an antimicrobial agent, in this case antibiotic,

that inhibits the growth of a microorganism after a certain
incubation time. TheMIC for eight antibiotics was determined
for B. pumilus 15.1 using the broth dilution method (Ericsson
and Sherris 1971). Briefly, a sporulated culture of B. pumilus
15.1 on T3 medium was used to make a bacterial suspension
with approximately 1×105 CFU/ml in fresh LB. The suspen-
sion was divided in 2-ml aliquot fractions (except for one with
4 ml) and placed in 30-ml plastic tubes. Antibiotics were di-
luted in the tubes containing 4 ml of medium, mixed thor-
oughly, and used to make twofold serial dilutions by transfer-
ring 2 ml into the next tube. Tubes were incubated at 26 °C
without agitation for 48 h. A negative control consisting on
LB medium without bacteria and incubated under the same
conditions was included in the experiment. Antibiotic stock
solutions were prepared according to the instructions of the
manufacturer. The antibiotics and concentrations tested were
streptomycin (from 10 to 0.625 μg/ml), ampicillin (from 10 to
0.0195μg/ml), tetracycline (from 5 to 0.010 μg/ml), penicillin
(from 6 to 0.047 μg/ml), rifampicin (from 5 to 0.010 μg/ml),
chloramphenicol (from 30 to 0.234 μg/ml), gentamicin (from
20 to 0.039 μg/ml), and kanamycin (from 30 to 0.234 μg/ml).
The lowest concentration of antibiotic preventing the appear-
ance of turbidity was considered to be the minimal inhibitory
concentration. All MIC experiments were performed in
duplicates.

Heat, chemical, and UV resistance tests

Cultures were prepared by growing the bacterial strains for
72 h under standard growth conditions on T3 liquid medium
and heated at 70 °C for 10 min in a water bath to obtain
sporulation-synchronized cultures. This spore suspension
was used to obtain either vegetative cells or spores of the
strains under study. To obtain cell suspensions highly
enriched in vegetative cells, 500 μl of the previously
mentioned suspensions as used to inoculate 50 ml of
T3 medium. Cultures were incubated at 30 °C and
240 rpm until an optical density (at 600 nm) of 0.4–
0.9 was reached. Then, vegetative cells were pelleted at
20 ,000×g for 20 min and washed twice wi th
phosphate-buffered saline (PBS) and finally resuspended
in 50 ml of PBS. To obtain highly enriched spore sus-
pensions, 500 μl of the synchronized culture was used
to inoculate 50 ml of T3 medium and incubated at
30 °C and 240 rpm for 72 h. Spores were harvested
by centrifugation under the same conditions previously
stated, washed twice with water, and finally resuspended
in 50 ml of sterile distilled water (Nicholson and Setlow
1990; Schichnes et al. 2006).

Heat resistance of vegetative cells and spores was exam-
ined by placing 1 ml of bacterial suspension (vegetative cell or
spore suspension) in a 1.5-ml Eppendorf tube and heated in a
water bath at 60, 70, 80, or 90 °C for 10 min. The viability of
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heat-treated cells was determined by plating tenfold serial di-
lutions made inM8modified medium (Na2HPO4·7H2O, 7 g/l;
KH2PO4, 3 g/l; and NaCl, 0.5 g/l) on LB. Plates were incu-
bated at 30 °C overnight, and colonies counted the following
day. The number of surviving cells in each treatment was
compared with the total number of viable cells before the heat
treatment was applied.

Similarly, the effect of various biocides on B. pumilus via-
bility was assayed on vegetative cells and spores. The biocides
assayed were solutions of 70 % ethanol, 4 % formaldehyde,
1.6 % KMnO4, 1 % bleach, 10 mM NaOH (pH 12), 10 mM
HCl (pH 2) (Vilchez et al. 2008), 2 % benzalkonium chloride,
and 3 % hydrogen peroxide. For the assay, 1 ml of cell sus-
pension (either vegetative cells or spores) was spun down at
16,000×g for 1 min. Pellets were resuspended in 200 μl of the
biocide, and the mixtures were incubated for 30 min in agita-
tion at room temperature. Cells were harvested by centrifuga-
tion as described above and pellets were washed twice in PBS
and the final pellet resuspended in 1 ml of PBS. The number
of surviving cells was determined by serial dilutions and plat-
ing as previously described.

For UV test, 10 ml of vegetative cell or spore suspensions
with an absorbance of 0.125 at 600 nm was made. Within a
laminar flow bench (Telstar® Bio II A/P), the bacterial sus-
pensions were poured on lid-opened Petri dishes (60-mm
diameter) and irradiated at different times (5, 10, and
30 min) under an UV Lightech G15T8 lamp producing
254-nm UV-C radiation. UV doses (in joules per square me-
ter) received by bacterial suspensions during the irradiation
time were calculated using the following equation provided
by Dr. Galvez Ruiz, from the Applied Physics Department of
the University of Granada:

W

2π� L� D

� �
� s ¼ J

m2

where D is the distance between the lamp and the plates
(0.7 m), W is the radiant power of the lamp (4.8 W), L is the
length of the lamp (0.4 m), and s is the irradiation time in
seconds (300, 600, and 1800 s). Using this equation, the UV
doses that the cell suspensions received were calculated to be
818.51, 1637.02, and 4911.07 J/m2, respectively.

Viable cells present in each treatment were determined by
plating tenfold serial dilutions on LB plates. All resistance
experiments were performed in duplicates.

Statistical analysis

All experiments were performed at least twice. Means and
standard deviation were provided, and a one-way analysis of
variance (ANOVA) was calculated where required using
StatPlus®.

Transmission and scanning electron microscopy

Bacterial cells were taken from synchronized cultures of B.
pumilus 15.1 in T3 grown at 30 °C and 240 rpm along time.
Samples (1–4.5 ml) were pelleted at 12,700×g for 10 min,
washed with 1 ml of PBS, and finally fixed in 1 ml of 2.5 %
glutaraldehyde, and 4% paraformaldehyde in cacodylate buff-
er (0.05 M, pH 7.2). Samples were kept at 4 °C for a maxi-
mum period of 24 h and then washed three times following
this procedure: centrifugation at 12,700×g for 5 min, rinse
with washing buffer (cacodylate buffer 0.1 M, pH 7.2), and
incubation at 4 °C for 20 min. Finally, samples were resus-
pended in washing buffer and sent to the Biological Sample
Preparation Laboratory at the Scientific Instrumentation
Center of the University of Granada (CIC-UGR) for process-
ing. Sample preparation for SEMwas performed as previously
described (Anderson 1951; Mazia et al. 1975; Sanders et al.
1975). Briefly, cell suspensions were placed on a surface
with 0.1 % poly-l-lysine and allowed to fix for 14–20 h
at 4 °C in saturate atmosphere of glutaraldehyde.
Post-fix was made with 1 % osmium tetroxide for
1 h. Finally, samples were critical point dehydrated
(Anderson 1951) using carbon dioxide and coated with
carbon (EMITECH K975X). For TEM, samples were
treated following the method described by Renau and
Megias (1998). Briefly, samples were fixed with 1 %
osmium tetroxide and 1 % potassium ferricyanide for
1 h at 4 °C. Then, samples were embedded in EMbed
812 resin. Ultrathin sections (50–70 nm) were obtained
(Ultracut R, LEICA) with DIATOME diamond knife
from the polymerized resin blocks and mounted on
200-mesh copper grids. Grids were post-stained with
1 % uranyl acetate and subsequently with lead citrate
following the methodology previously described
(Reynolds 1963).

Samples were observed under a Transmission Electron
Microscopy (ZEISS EM 902) and a Scanning Electron
Microscopy (HRSEM Zeiss DSM 950) at the Microscopy
Service of the CIC-UGR.

Analysis of the insoluble protein profile

B. pumilus 15.1 was grown in 3 ml of LB at 30 °C and
240 rpm overnight and used as pre-inoculum. Five hundred
microliters of pre-inoculum was used to inoculate 50 ml of T3
medium. Culture was kept at 30 °C and 240 rpm for 72 h until
sporulation. Five-mililiters samples were taken 12, 24, 48, and
72 h after the beginning of the culture. All samples were
centrifuged for 1 min at 16,000×g. Pellets were resuspended
in 50 μl of PBS and directly analyzed by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE),
stained with Coomassie brilliant blue, according to the stan-
dard procedures.
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Discontinuous sucrose gradient

Sporulated cultures (72 h), grown in T3 medium as describe
above, were harvested by centrifugation (20,000×g, 4 °C for
20min). Pellets were washed tree times with ice-cold PBS and
resuspended in ice-cold sterile water at 1/100 of the original
culture volume. The spore-crystal mixture was layered on
top of a 28-ml discontinuous sucrose gradient, comprising
7 ml solutions with 67, 72, 79, and 84 % (w/v) sucrose.
Centrifugation was carried out in a Beckman J-30 I ultra-
centrifuge, in a JS 24.38 rotor at 53,000×g for 16 h at
10 °C. Eight culture fractions were collected and washed
tree times in ice-cold PBS by centrifugation at 23,730×g
for 15 min at 4 °C, to remove the sucrose. The final
pellets were resuspended in ice-cold deionized water at a
final concentration of 500×. Samples were taken for mi-
croscopy visualization or analyzed by SDS-PAGE or
stored at −20 °C for subsequent analysis.

Results

Metabolic profile of B. pumilus 15.1 strain

The metabolic profile of B. pumilus 15.1, M1 and M2 and
B. thuringiensis 78/11 strains was determined by the GP2
MicroPlate™ test, specific for Gram-positive bacteria from
Biolog®. The system uses 95 organic compounds to deter-
mine the carbon metabolic fingerprint of microorganisms for
identification purposes; therefore, this test is useful to make a
metabolic characterization of the bacteria of interest (Garland
andMills 1991). In the test, a change in the color of the culture
is observed (it turns purplish) when a strain is able to use the
compound in the well of the microplate test. The appearance
of purple color in all repetitions is shown in Table 1 as
(+), in at least one repetition as (±) (faint color), and in
none of the repetitions as (−). Table 1 only lists the
substrates utilized by at least one of the strains tested.
The test revealed that the strain with greater metabolic
diversity was B. pumilus 15.1 (metabolized 24 different
carbon sources in at least one repetition). B. pumilus
M1 and M2 and B. thuringiensis 78/11 metabolized
19, 16, and 18 compounds, respectively. B. pumilus
15.1 strain was able to metabolize eight monosaccha-
rides, three disaccharides, one trisaccharide, four glyco-
sides, two polyols, three organic acids and their deriva-
tives, one amino acid, and two alcohols from the pool
of carbon sources tested.

Sixty carbon sources were not utilized by any of the
Bacillus strains tested. Slight differences in the carbon source
profile were observed in the B. pumilus strains tested. The
strain 15.1 shared 86 identical results with M1 strain and 83
with M2 strain while only 71 with B. thuringiensis 78/11.

Enzyme production and hemolytic activity of B. pumilus
15.1

The ability of B. pumilus 15.1 to secrete different extracellular
enzymes was tested in addition to its hemolytic activity. The
results obtained for B. pumilus 15.1 and other bacterial strains
are summarized in Table 2.

Five out of nine strains tested (B. pumilus 15.1, M1, and
M2; B. subtilis 168; and B. cereus 569) were found to produce
extracellular proteases as indicated by the presence of clear
zones of hydrolysis around the bacterial colonies. The strain
B. pumilus 15.1 formed the biggest halo of all strains tested on
both substrates.

Lipase activity was performed in agar plates containing
trioleoylglycerol (olive oil) and rhodamine and monitored by
observation under an UV light. Since only the B. cepacia
DSM 9241 strain produced a fluorescent halo, the strain
B. pumilus 15.1 was considered as negative in the production
of extracellular lipase.

Oxygen bubbles generated as a result of the decomposition
of the hydrogen peroxide were used as an indicator for cata-
lase activity. Hemolytic activity was detected on 5 % sheep
blood agar plates. Four out of the nine strains tested exhibited
hemolytic activity (B. pumilus 15.1 and M2, B. thuringiensis
IPS 78/11, and B. cereus 569). The halo from B. pumilus 15.1
was clear; the agar around the colony appeared lightened and
transparent, suggesting β-hemolysis activity.

Motility assays

We assayed the two most common motility mechanisms on
bacteria on 0.3 % agar plates (for swimming) and 0.5, 1, and
1.5 % agar plates (for swarming) in nine bacterial strains
(Table 3). Motility was measured as the ability of the strain
to expand further than the diameter of the drop placed on the
plate (around 7 mm). B. pumilus 15.1 was a motile strain
showing both swimming and swarming motility. Its colony
diameter on the 0.3, 0.5, and 1 % agar plates was one of the
largest compared to other strains. Strain B. pumilus 15.1 was
able to completely colonize each of the 0.3 and 0.5 % agar
plates, a striking observation seen in B. pumilus M2 strain as
well. Only on the 1.5 % agar plate, B. pumilus 15.1 did not
show any kind of motility. Previously, swarming studies in
B. subtilis showed the motility was limited at 1 % agar and
was abolished at 1.5 % (Hamze et al. 2009; Kearns and Losick
2003); therefore, this could be the case for B. pumilus 15.1.

Biofilm formation

The ability ofB. pumilus 15.1 to form biofilms was assayed by
staining the cells that are able to adhere to an abiotic surface
(polystyrene). As the strain was routinely grown in T3 medi-
um (Molina et al. 2010), where it reveals its toxicity against
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C. capitata, all the biofilm assays were performed in this me-
dium. Biofilm formation was quantified by staining and
disrupting the ring formed (at the liquid–air interface of a
static culture) followed by measuring the A600 nm of the
resulting ethanol suspension. We found that the ability to form
biofilms of B. pumilus 15.1 (2.3±0.35) and M2 (3.38±0.65)
was significantly higher than the other strains assayed (Fig. 1).
In T3 medium, the strains B. pumilus M1 (0.115 ± 0.05),
B. subtilis 168 (0.0398 ± 0.001), B. cereus 569 (0.0398
± 0.001), B. thuringiensis IPS 78/11 (0.0375 ± 0.001),
B. thuringiensis var. kurstaki (0.0357 ± 0.001), and
B. cepacia DSM 9241 (0.133±0.04) exhibited a poor ability
to form biofilms on polystyrene. Statistical analysis (ANOVA)
showed significant differences between strains (F8,35 = 58,
130, P=0.000).

Given the ability of B. pumilus 15.1 to form biofilms, we
next evaluated the variation of this capability over time.
Biofilm quantification was then performed after 24, 48, and
72 h of culture incubation following the same procedure as
before. The average and standard error of the A600nm values
obtained were 2.3±0.2, 2.55±0.35, and 2.8±0.25 for 24, 48,
and 72 h, respectively. These results showed a slight increase
in the biofilm formation over time.

Antibiotic susceptibility analysis of B. pumilus 15.1 strain

The susceptibility of the strain B. pumilus 15.1 to the most
commonly used antibiotics in a laboratory was determined in
order to further characterize the strain. Using the broth dilution
method, we determined theMIC for eight antibiotics and com-
pared them with their interpretative breaking point for
Bacillus spp. according to the European Food Safety
Authority (EFSA) (EFSA 2008) (Table 4).

In general, all the estimated MICs for B. pumilus 15.1 were
very low and in all cases lower than the interpretative breaking
point considered by EFSA, so we conclude that B. pumilus
15.1 does not show inherent or acquired resistance to any of
the antibiotics tested. B. pumilus 15.1 showed a MIC value
close to the interpretative breakpoint only for chloramphenicol.

Natural resistance of B. pumilus 15.1 cells to physical
and chemical insults

As part of the characterization of B. pumilus 15.1, we deter-
mined the resistance of cell suspensions highly enriched with
spores or vegetative cells to various physical and chemical
stresses. In this series of experiments, we included the

Table 1 Biolog® GP2 microplate assay results with B. pumilus 15.1, M1, and M2, and B. thuringiensis IPS 78/11

Compounda Strain Compounda Strain

Bp15.1 M1 M2 Bt78/11 Bp15.1 M1 M2 Bt78/11

Carbohydrates Surfactants

N-Acetyl-β-D-mannosamine ± − − − Tween 40 − − − ±

L-Arabinose + − + + Tween 80 − − − ±

Arbutin + + + −
D-Cellobiose − + + − Carboxylic acids

D-Fructose + + + − α-Ketovaleric acid − − − ±

Gentiobiose ± − + − L-Malic acid + + + −
α-D-Glucose + + − + Pyruvatic acid methyl ester + − − −
Maltotriose ± + + ± Pyruvic acid + − − ±

D-Mannitol ± + − − Amino acids

D-Mannose + + + − L-Alanine − − − ±

3-Methyl glucose + + + ± L-Alanyl-glycine − − − ±

β-Methyl-D-glucoside + + + − L-Asparagine − − ± ±

D-Psicose ± + − − L-Glutamic acid − − − ±

D-Ribose + + + ± L-Serine ± − − +

Salicin + + − − Alcohols

D-Sorbitol ± + + − 2,3-Butanediol ± − − −
Sucrose ± + + − Glycerol ± ± − −
D-Tagatose − + − − Other compounds

D-Trehalose + + + + Uridine − − − ±

D-Xylose + + + + Adenosine-5’-monophosphate − − − ±

(+) strong color in all repetitions; (−) no color; (±) weak color in at least one repetition
a From the 95 compounds tested, shown are only those that were utilized by at least one of the strains assayed
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B. subtilis strain 168 as a control, it being a model mi-
croorganism for Gram-positive bacteria. Table 5 shows
the survival of vegetative cells and spores of both
strains after each treatment expressed as the logarithmic
(log10) of the total number of viable cells and the sur-
vival percentage compared to the control (bacterial sus-
pension before treatment).

As expected, spores were much more resistant than vege-
tative cells to any of the insults tested. Regarding heat resis-
tance, the surviving vegetative cells were, on an average, 1 to
3 orders of magnitude lower than the surviving spores except
for the treatment at 90 °C.

In each temperature tested, spores of B. subtilis were more
resistant to heat treatments than spores of B. pumilus 15.1;
therefore, we could conclude that the strain under study is
more heat-sensitive than the model strain. In addition, at high
temperature of 90 °C, B. pumilus was especially sensitive
showing a decrease of spore viability of 5 orders of magnitude
(0.004 % survival).

To test the susceptibility of vegetative cells and spores to
several biocides, a pellet with a known number of cells was
resuspended in a biocide solution for 30min, and viability was
estimated by plating. Only bleach was able to kill completely
spores of the two strains tested. The rest of the biocides only

Table 2 Protease, lipase,
catalase, and hemolysin
production of nine bacterial
strains used in the study

Bacterial strain Activity

Protease Lipase Catalase Hemolysis

Casein (2 %)a Milk powder (3 %)a

B. pumilus 15.1 10 ± 1 7 ± 0 − + +

B. pumilusM1 7± 1 2.5 ± 0 − + −
B. pumilusM2 6± 1 4 ± 1 − + +

B. thuringiensis IPS 78/11 0 0 − + +

B. subtilis 168 1.5 ± 0 3 ± 0 − + −
B. cereus 569 0 3 ± 0 − + +

E. coli XL1 Blue 0 0 − + −
P. putida MAX10 0 0 − + −
B. cepacia DSM 9241 0 0 + + −

(+) Activity detected; (−) activity not detected
a Values represent means ± standard deviations of the distance between the edge of the bacterial colony and the
edge of the clearing halo in mm

Table 3 Swimming and swarming motility (after 12 and 24 h) of nine bacterial strains measured as the colony diameter when grown on different agar
concentrations

Agar concentration

Strains 0.3 % 0.5 % 1 % 1.5 %

12 h 24 h 12 h 24 h 12 h 24 h 10 h 24 h

B. pumilus 15.1 42± 3 80a + 27± 3 80a + 11 ± 2 53± 2 + 6 ± 1 7 ± 1 −
B. pumilusM1 12± 2 55 ± 4 + 6 ± 0 38± 3 + 6 ± 1 7 ± 1 − 6 ± 1 9 ± 0 −
B. pumilusM2 50± 3 80a + 35± 5 80a + 14 ± 1 15± 1 + 6 ± 1 8 ± 0 −
B. subtilis 168 13± 2 18 ± 3 + 12± 2 20± 3 + 12 ± 1 18± 1 + 7 ± 0 12± 2 +

B. cereus 569 10± 1 80a + 10± 2 18± 2 + 8 ± 2 13± 2 + 6 ± 0 9 ± 0 −
B. thuringiensis 78/11 6 ± 0 10 ± 0 − 7 ± 0 8 ± 0 − 7 ± 1 8 ± 1 − 6 ± 1 7 ± 1 −
B. thuringiensis. var. kurstaki 8 ± 2 28 ± 3 + 9 ± 2 25± 3 + 7 ± 1 11 ± 2 + 7 ± 0 11 ± 1 +

E. coli XL1 Blue 7 ± 0 8 ± 0 − 6 ± 1 8 ± 0 − 6 ± 1 7 ± 1 − 7 ± 0 7 ± 1 −
B. cepacia DSM 9241 10± 1 11 ± 0 − 8 ± 1 9 ± 0 − 8 ± 1 9 ± 0 − 8 ± 0 9 ± 0 −

(+) The strain shows motility on the medium assayed; (−) the strain shows no motility on medium assayed (colony showed a size similar of the drop
placed onto the agar plate (approx. 7 mm))
a The diameter of the colony is equal as the Petri dish diameter
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had a slight effect on spore viability. The effect of formalde-
hyde, KMnO4, bleach, benzalkonium chloride, and hydrogen
peroxide on vegetative cells was very dramatic but not the rest
of biocides. B. pumilus 15.1 vegetative cells were especially
sensitive to formaldehyde while B. subtilis vegetative cells
were slightly resistant. On the contrary, B. pumilus 15.1 veg-
etative cells were more resistant to alkaline media than
B. subtilis. Both spores were particularly resistant to ethanol,
KMnO4, NaOH (pH 12), HCl (pH 2), and hydrogen peroxide.

The resistance of spores and vegetative cells of
B. pumilus 15.1 to UV light was assayed and compared
with the resistance of B. subtilis 168 due to its reported
UV resistance (Newcombe et al. 2005; Nicholson et al.
2000). The bacterial suspensions were UV-irradiated for

5, 10, and 30 min with 818.5, 1637.0, and 4911.1 J/m2

radiation energy, respectively. The results showed that it
was necessary to supply 4911.1 J/m2 of radiation energy
to completely reduce the viability of the B. subtilis veg-
etative cells under the detection limit. Nevertheless, sur-
viving B. pumilus 15.1 vegetative cells were detected at
this radiation energy. Both spores and vegetative cells of
B. pumilus 15.1 were, in general, more resistant to UV
than B. subtilis 168 cells. In particular, B. pumilus 15.1
spores were between 2.7 and 350 times more resistant
than the B. subtilis spores while B. pumilus 15.1 vege-
tative cells were between 1.71 and 2.59 orders of mag-
nitude more resistant than B. subtilis vegetative cells.

In order to further characterize this feature, we per-
formed more UV tests with other sporulating bacteria.
We compared B. pumilus 15.1 vegetative cell and spore
resistance to B. pumilus M1 and M2, B. thuringiensis var.
israeliensis IPS 78/11 and var. kurstaki HD1, B. subtilis
168, and B. cereus (Fig. 2). Survival studies after expo-
sure of vegetative cell and spores to UV-C (254 nm) ra-
diation demonstrated that B. pumilus 15.1 (vegetative cell
and spores) were much more resistant to UV-C than any
of the Bacillus sp. tested in this study, except for
B. pumilus M2 that proved to be equally resistant. Only
B. pumilus 15.1 and M2 vegetative cells were able to
survive the maximal radiation applied.

Characterization of B. pumilus 15.1 strain by electron
microscopy

In order to morphologically characterize the vegetative cells
and spores of the B. pumilus 15.1 strain, cultures of this bac-
terium were analyzed under transmission and scanning elec-
tron microscopy along time.

Fig. 1 Biofilm formation
measured by crystal violet
staining of the rings formed in the
interface air–liquid on B. pumilus
15.1, B. pumilusM1, B. pumilus
M2, B. subtilis 168, B. cereus
569, B. thuringiensis IPS 78/11,
B. thuringiensis var. kurstaki, and
B. cepacia DSM 9241 static
cultures. Bars represent average
A600nm values and standard errors

Table 4 MIC values of eight different antibiotics for B. pumilus 15.1
determined after 48 h

Antibiotic MIC (μg/ml)

B. pumilus 15.1a Bacillus spp.b

Ampicillin 0.16 ± 0.00 Nd

Chloramphenicol 7.50 ± 0.00 8

Gentamicin 2.50 ± 0.00 4

Kanamycin 3.75 ± 0.00 8

Penicillin <0.05± 0.00 Nd

Rifampicin 0.16 ± 0.00 Nd

Tetracycline 0.62 ± 0.08 8

Streptomycin 5.00 ± 0.00 8

Nd not determined by EFSA
aMIC average values and standard deviation
b Interpretative breakpoint for Bacillus spp. according to EFSA (EFSA
2008). Strains with MICs higher than the breakpoints are considered as
resistant
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Scanning electron microscopy

The surface structure and morphology of B. pumilus
15.1 were visualized over time by scanning electron
microscopy. At the beginning of a B. pumilus 15.1 cul-
ture (6 h) (Fig. 3a, b), all cells were in vegetative
phase, possessed a bacillar shape approximately 1.4–
1.9 μm long and 0.49–0.50 μm wide, and displayed
an intact smooth surface, and some of them were even
observed at binary fission (white arrow). As time
progressed, cells became shorter and showed an irregu-
lar surface (Fig. 3c). Upon visualizing multiple fields of
the sample, we observed the presence of several clusters
of cells (vegetative and spores) joined together by an
extracellular material. The extracellular material ap-
peared to be composed of tangled thread-like strands
forming a complex network. These filaments are very
thin in early cultures (Fig. 3b), but as time progressed,
they seem to thicken and serve as deposit for small
spheres of other (or the same) material that completely
surrounded the cells (Fig. 3d). A close observation of
these cell clusters showed some appendages connecting
the cells (Fig. 3d, black circle) that were different from

the surrounding material. These appendages seemed to
be tubular protrusions formed from the cell wall.

Transmission electron microscopy

A culture of B. pumilus 15.1 in T3 medium was monitored by
transmission electron microscopy over time as well. Samples
that were taken after 6 and 11 h of incubation (exponential
growth phase of the culture) showed vegetative cells with a
typical bacillar shape. The vegetative cells were 1.39–
1.8 μm long and 0.44–0.49 μm wide (Fig. 4a). When
the culture progressed, a transformation of the morphol-
ogy of the cells was observed. Twenty-nine hours after
the start of the culture, 90 % of cells were mother cells
with a prespore inside (Fig. 4b). Free spores were ob-
served in samples taken from 33 h. B. pumilus 15.1
spores size ranged between 1.05 and 1.25 μm in length
and 0.45–0.70 μm in width.

Upon a detailed analysis of the spores (Fig. 4c), we ob-
served that (from inside to outside) the spore core was
surrounded by an inner membrane, a germ cell wall, and a
protective cortex, followed by a thick spore coat organized
as lamella-like inner coat layer and an electro-dense outer coat

Table 5 Number of viable vegetative cells and spores (in logarithms) of B. pumilus 15.1 and B. subtilis 168 and viable cell percentage after treatment
with several insults

Treatment B. pumilus 15.1 B. subtilis 168

Vegetative cells Spores Vegetative cells Spores

Heat

Control 8.45 ± 0.13 (100 %) 7.99 ± 0.13 (100 %) 8.31± 0.25 (100 %) 7.93 ± 0.19 (100 %)

60 °C ND 6.95 ± 0.17 (9.22 %) ND 7.03 ± 0.29 (14.4 %)

70 °C 4.46± 0.42 (0.015 %) 6.32 ± 0.21 (2.27 %) 4.38± 0.34 (0.013 %) 6.92 ± 0.19 (9.95 %)

80 °C 3.72± 0.29 (0.002 %) 4.37 ± 0.40 (0.03 %) 4.04± 0.17 (0.0049 %) 5.81 ± 0.38 (0.99 %)

90 °C 3.47± 0.25 (0.0012 %) 2.97 ± 0.81 (0.004 %) 2.35± 0.49 (0.0002 %) 4.29 ± 0.31 (0.03 %)

Chemical

Control 7.18 ± 0.07 (100 %) 8.23 ± 0.40 (100 %) 7.36± 0.32 (100 %) 8.13 ± 0.18 (100 %)

70 % ethanol 4.81 ± 0.73 (1.17 %) 7.30 ± 0.65 (17.36 %) 3.51± 0.39 (0.015 %) 7.93 ± 0.08 (58.23 %)

4 % formaldehyde 0.00± 0.00 (0 %) 6.32 ± 0.20 (0.85 %) 2.19± 0.41 (0.0008 %) 6.74 ± 0.42 (5.65 %)

1.6 % KMnO4 0.00± 0.00 (0 %) 7.40 ± 1.03 (50.53 %) 0.00± 0.00 (0 %) 7.70 ± 0.52 (61.22 %)

1 % bleach 0.00± 0.00 (0 %) 0.00 ± 0.00 (0 %) 0.00± 0.00 (0 %) 0.00 ± 0.00 (0 %)

10 mM NaOH (pH 12) 2.29 ± 0.11 (0.001 %) 7.43 ± 0.65 (23.39 %) 0.85± 0.85 (0.00008 %) 7.27 ± 0.64 (29 %)

10 mM HCl (pH 2) 2.50 ± 0.22 (0.002 %) 7.49 ± 0.53 (21.20 %) 2.93± 0.45 (0.004 %) 6.71 ± 0.33 (4.56 %)

2 % benzalkonium chloride 0.00 ± 0.00 (0 %) 6.00 ± 0.23 (0.42 %) 0.00± 0.00 (0 %) 5.62 ± 0.88 (1.07 %)

3 % hydrogen peroxide 0.35 ± 0.35 (0.00002 %) 7.43 ± 0.50 (16.92 %) 0.00± 0.00 (0 %) 7.57 ± 0.35 (32.40 %)

UV-C

Control 7.75 ± 0.15 (100 %) 7.79 ± 0.17 (100 %) 7.18± 0.14 (100 %) 7.17 ± 0.02 (100 %)

818.5 J/m2 4.50± 0.05 (0.053 %) 7.23 ± 0.07 (26.06 %) 2.79± 0.01 (0.004 %) 5.69 ± 0.09 (3.39 %)

1637.0 J/m2 4.25± 0.05 (0.03 %) 6.63 ± 0.03 (6.52 %) 2.33± 0.03 (0.001 %) 5.33 ± 0.48 (2.44 %)

4911.1 J/m2 2.59± 0.02 (0.00065 %) 4.66 ± 0.01 (0.07 %) 0.00± 0.00 (0 %) 0.86 ± 0.86 (0.0002 %)

ND not determined
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layer. When the spore had not yet been released, a layer cor-
responding to the cell wall of the mother cell surrounding the
spore was frequently observed.

In samples taken from the culture 44 h after the start of
incubation, we observed electron-dense polygonal shaped
structures outside of the spores. The number of these struc-
tures increased with the incubation time and with the number

of total spores of the culture (Fig. 4d). A close inspection of
the samples revealed geometric structures resembling the typ-
ical parasporal crystals observed in B. thuringiensis culture
and composed of crystalline inclusions (δ-endotoxin) respon-
sible for insecticidal activity (Ward and Ellar 1983). The size
and shape of the inclusions in B. pumilus 15.1 were very
variable as shown in Fig. 4e–g. Most of them showed square

Fig. 2 UV-C (254 nm) inactivation curves of vegetative cells (a) and
spores (b) of B. pumilus 15.1 (open circles), B. pumilus M1 (closed
circles), B. subtilis 168 (open squares), B. pumilus M2 (closed
squares), B. thuringiensis var. kurstaki HD1 (open rhomb),

B. thuringiensis 78/11 (closed rhomb), and B. cereus (open triangle).
N/No was calculated by dividing the viable cells titer at any given UV
dose (N) by the cells titer obtained from the non-irradiated suspension
(No)

Fig. 3 Scanning electron
microscopy of a culture of
B. pumilus 15.1. Magnification is
shown at the bottom of each
panel. a A 6-h culture sample;
white arrow showing a cell in
binary fission. b A 6-h culture
sample; vegetative cells forming a
cluster with very thin filaments. c
A 50-h culture sample; spores
with small filaments connecting
cells with others (white circle). d
A 72-h culture sample; cells
forming cluster joined together by
an extracellular material, and
filaments that seem to be
composed by the cell wall (black
circle)
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and bipyramidal shape; others appeared as triangles, trape-
zoids, and even an amorphous shape. The crystals showed
striking uniformly spaced grids observable by electron mi-
croscopy (Fig. 4h).

Such structures were observed not only liberated into the
medium together with the spore but also inside the vegetative
cells (Fig. 4i, j) demonstrating the intra-cellular origin of these
inclusions.

Fig. 4 Transmission electron microscopy of B. pumilus 15.1 culture
along time. a B. pumilus 15.1 vegetative cells in a 6 h culture. b Mother
cells in a 29-h culture with a prespore inside. c Details of the spore. d
Spores and parasporal structures (indicated withwhite triangles) in a 44-h

culture. e, f, gCrystals observed with different sizes and shapes. hDetails
of a crystal showing a highly organized grid pattern. i, jDetails of crystals
forming inside of vegetative cells
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B. pumilus 15.1 overexpresses a 45-kDa protein
during sporulation

In order to start with the molecular characterization of
B. pumilus 15.1, we decided to analyze the protein profile of
the pellet fraction of a B. pumilus 15.1 culture along the spor-
ulation process. Samples at 12, 24, 48, and 72 h were taken
and processed, and the pellet fractions were analyzed in a
12% polyacrylamide gel. The protein profile of the vegetative
cells (taken after 12 h of incubation) was completely different
compared to the protein profiles in sporulating or sporulated
cells (samples taken at 24, 48, and 72 h; Fig. 5). Cells im-
mersed in the sporulation process (24, 48, and 72 h of incu-
bation) showed the overexpression of a 45-kDa protein. The
amount of the 45-kDa protein increased along the incubation
time, and it was maximal after 72 h of incubation.
Accordingly to these results, the expression of this 45-kDa
protein seemed to start when the cell entered in the sporulation
phase, and it seems to be accumulated in the pellet fraction of
the culture, either associated with the spore or as insoluble
protein.

The overexpressed 45-kDa protein does not form part
of the spore

The overexpressed 45-kDa protein was only found in the pel-
let fraction of a sporulated B. pumilus 15.1 culture (data not
shown). We were interested in knowing if this overproduced
protein was a constituting part of the spore or it was produced
as an insoluble protein that could be related to the crystals
produced by B. pumilus 15.1. In order to do that, the pellet

fraction of a 72-h culture of B. pumilus 15.1 was obtained in
T3 medium and its components separated in a discontinuous
sucrose gradient. After centrifugation, eight fractions of the
culture were obtained and analyzed by SDS-PAGE (Fig. 6).

The overexpressed 45-kDa protein was observed mainly in
the fractions 6 and 7 obtained from the sucrose gradient, well
separated from the spores (fraction 8). These results seems to
indicate that the overexpressed 45-kDa protein is not a consti-
tuting part of the spore and can be separated from them, mean-
ing that is a secreted and insoluble protein.

Crystals produced by B. pumilus 15.1 are found
in the same sucrose fraction as the overexpressed 45-kDa
protein

The eight fractions obtained after the sucrose gradient
were observed under transmission electron microscopy
with the aim to know in which fraction of the gradient
the parasporal crystals were present. An inspection of
the images obtained showed that the pellet of the cul-
ture, right before the sucrose gradient (fraction 0), was
composed by a mix of crystals and spores. Fractions 1
to 5 showed only bacterial debris and very few vegeta-
tive cells and spores, with fraction 2 being particularly
enriched with empty cell membranes, possibly generated
from the mother cell or sporangium after the release of
the spore (Fig. 7a). Fraction 6 was obtained from the
interface formed between the 72 and 79 % sucrose so-
lutions, while fraction 7 was obtained taking together
the 79 and 84 % sucrose layers as no interface was
observed. Fractions 6 (Fig. 7b) and 7 (Fig. 7c) were
enriched in parasporal crystals with very variable size
and shape. In fraction 8, corresponding to the pellet of
the sucrose gradient, only spores (and no crystals) were
observed (Fig. 7d).

Fig. 5 Protein profile of a culture of B. pumilus 15.1 analyzed by SDS-
PAGE on a 12 % polyacrylamide gel. Pellet fractions from a B. pumilus
15.1 culture taken after 12 h (lane 1), 24 h (lane 2), 48 h (lane 3), and 72 h
(lane 4) were analyzed together with a molecular weight marker
(Precision Plus Bio-rad) (lane M). The arrow shows the overexpressed
45-kDa protein

Fig. 6 SDS-PAGE analysis of the eight fractions extracted from the
pellet of a B. pumilus 15.1 culture. Lane 0 contains a 250× concentrated
pellet before the sucrose gradient; lanes 1–8 contain the eight sucrose
fractions obtained after the gradient (concentrated 500×); lane M shows
a molecular weight marker (Precision Plus Bio-Rad) in kilodaltons
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The results presented here demonstrate that (i) crystals pro-
duced in B. pumilus 15.1 can be partially purified from the
spores using a sucrose gradient, and (ii) the crystals are
enriched in fractions 6 and 7; the same fractions were the
45-kDa protein was detected in the SDS-PAGE analysis.
These results may suggest that crystals are composed by the
45-kDa protein observed in SDS-PAGE gels.

Discussion

In this work, we report some of the main observations
made while characterizing B. pumilus 15.1, a novel en-
tomopathogenic strain active against C. capitata larvae,
previously isolated by our group (Molina et al. 2010)
that could represent an important biotechnological tool
for the control of the Mediterranean fruit fly. As
B. pumilus 15.1 is a natural isolate, little is known
about it, so basic research and characterization were
needed in order to identify some of the most relevant
characteristics of the strain. We isolated the strain
B. pumilus 15.1 from a partially decomposed common
reed plant and demonstrated its insecticidal potency to-
ward C. capitata larvae in very particular conditions
(Molina et al. 2010). Given the strain was taxonomical-
ly classified by 16S rRNA sequencing as a B. pumilus

strain, not a very frequent entomopathogenic bacterium,
we found B. pumilus 15.1 extremely interesting from a
scientific point of view. Hence, we set about to gain a
deeper knowledge of this completely uncharacterized
strain.

Our first approach in the characterization of this
strain was to determine potential compounds that could
be used by B. pumilus 15.1 as carbon or nitrogen
sources. To study this, we used the BIOLOG® GP2
microplate system and conclude that B. pumilus 15.1
was able to metabolize 24 compounds, most of them
carbohydrates and possessed the greatest metabolic abil-
ity among the tested strains. The differences observed in
the metabolic profiles of the three B. pumilus strains
compared could be explained by the different habitats
they were isolated from (15.1 strain from a partially
decomposed common reed plant, and M1 and M2 from
the sea).

The results of the metabolic profile characterization
of B. pumilus 15.1 will be of great interest in culture
media optimization or in future studies of virulence
characterization given that many of the virulence factor
expressing genes (and antibiotic resistance) are greatly
affected by the presence of other compounds in the
culture media (Gorke and Stulke 2008; Somerville and
Proctor 2009).

Fig. 7 Transmission electron
microscopy of the most relevant
fractions obtained from a pellet of
B. pumilus 15.1 after separation in
a sucrose gradient. a Fraction 2,
mainly composed by bacterial
debris from cell walls from the
mother cells. b Fraction 6 and c
fraction 7, where the parasporal
inclusions were localized (white
arrows). d Fraction 8, composed
mainly by spores
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The catalase-positive B. pumilus 15.1 strain was sen-
sitive to most of the antibiotic commonly used in a
laboratory. This susceptibility makes the B. pumilus
15.1 strain useful as a host for heterologous expression
using common plasmids available for Bacillus with dif-
ferent antibiotic resistance genes.

We have shown that B. pumilus 15.1 was one of the most
motile strains tested in our study and that the bacterium prob-
ably moves by swimming and swarming mechanisms.
Swarming is a strategy developed by microorganisms to en-
sure their rapid expansion in the natural environment and
plays an important role in the colonization of the host in some
pathogens. This is the case in model organisms for swarming
mechanism such as Proteus mirabilis, which invades human
urothelial cells (Allison et al. 1992), and Pseudomonas
aeruginosa, an opportunistic pathogen of acute infections
(Montie et al. 1982). B. pumilus 15.1 showed a typical colony
morphology and terraced structure or concentric rings (data
not shown) described in P. mirabilis (Matsuyama and
Matsuyama 2001) and other B. pumilus strains (Bottone and
Peluso 2003).

Bacillus genus is characterized by the production of spores,
highly resistant cell forms differentiated when the conditions
are adverse for life. Spores are much more resistant to heat,
radiation, and chemicals than vegetative cells (Melly et al.
2002; Nicholson et al. 2000). Given this resistance, lots of
treatments have been developed for efficient and
cost-effective disinfecting and control methods of Bacillus.
In this sense, we identified a series of biocide, thermal, and
UV treatments to reduce the viability of B. pumilus 15.1 by
several orders of magnitude not only of vegetative cells but
also of spores (Table 5) but the only chemical insult that was
completely able to reduce the number of viable spores under
the detection limit (in the time assayed, 30 min) was a solution
of 1 % bleach.

The most remarkable feature of the B. pumilus 15.1
strain from all of the resistance tests performed was its
resistance to UV radiation. Resistance to UV of
B. pumilus spores has been previously reported, but as
far we know, this has not been the case with the veg-
etative cells. The B. pumilus SAFR-032 strain, isolated
from a spacecraft assembly facility, is reported to be
one of the most UV-resistant spores on earth (Link
et al. 2004; Newcombe et al. 2005). Surprisingly,
B. pumilus 15.1 vegetative cells remained viable after
10 min of exposure at UV-C (254 nm), a dose much
higher than that reported by Newcombe et al. (2005).
While B. pumilus SAFR-032 showed a 3-log reduction
when radiated with 200 J/m2, B. pumilus 15.1 reduced
3.25-log when a 818.5 J/m2 dose and 5.16-log when a
4911.1 J/m2 dose were applied. Furthermore, B. pumilus
15.1 spores required a 1637 J/m2 dose to kill 93.48 %
of the population of the spores similar to the reported

by Gioia et al. (2007) with B. pumilus SAR-0.32 spores
(1500 J/m2 killed 90 % of the population). The UV
resistance showed by B. pumilus 15.1 could represent
a huge advantage in biological control programs, as
one of the main drawbacks of microbial control with
living agents is the decrease of their viability under
field conditions due to UV damage (Pusztai et al.
1991).

B. pumilus 15.1 formed cell clusters in both vegetative
cells and spore stages (Fig. 4c, d). Some of B. pumilus
15.1 cells in liquid cultures seem to be encapsulated
within a matrix (Fig. 4d) that resembled the extracellu-
lar polymeric substance (EPS), typical of some bacterial
strains and primarily composed by polysaccharides
(Cescutti et al. 1999; Dogsa et al. 2005). The produc-
tion of this EPS is essential for biofilm formation, and
it is normally observed in bacteria grown in static cul-
tures not in liquid cultures as in our case.

Apart from the phenotypic and general characteriza-
tion of B. pumilus 15.1 strain, we obtained some in-
sights on possible virulence factors of the 15.1 strain.
In general, virulence of an entomopathogenic strain is a
complex mechanism not driven by one unique virulence
factor but by several that act sequentially or synergical-
ly to achieve the objective: to conquer and to colonize
the host. A lot of work needs to be done in order to
elucidate the complex mechanism of action of
B. pumilus 15.1, and although this was not the scope
of this work, some of the results obtained here allow us
to speculate on possible virulence factors.

Several proteases synthesized by entomopathogenic
bacteria have been shown to be virulence factors. It is
thought that they play a significant role in invasion by
digesting the host tissue and allowing other virulence
factors reach their target. This is the case for serralysin
in Xenorhabdus (Massaoud et al. 2010), the alkaline
zinc metalloprotease PrtA in Photorhabdus (Bishop
2014; Bowen et al. 2003), the zinc metalloprotease
InhA in B. thuringiensis (Fedhila et al. 2002), or the
recently described extracellular metalloproteases from
B. cereus active against C. capitata larvae (Ruiu et al.
2015). B. pumilus 15.1 strain proved to be a good ex-
tracellular protease producer, rendering the biggest halo
in casein and in skimmed milk test compared to the
other bacterial strains in this study as other studies dem-
onstrated before (Yu et al. 2014).

B. pumilus 15.1 showed a quite significant hemolysis ac-
tivity. This could represent another virulence factor of this
strain as other erythrocyte-active proteins such us
sphaericolysin (Nishiwaki et al. 2007) from Lysinibacillus
sphaericus (formerly known as Bacillus sphaericus) or
alveolysin from Paenibacillus alvei (formerly known as
Baci l lus alve i ) , prote ins s imi lar to wel l known
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non-entomopathogenic toxins such as listeriolysin O
(Rouquette and Berche 1996), perfringolysin O, pneumolysin,
and streptolysin O [see (Heuck et al. 2010) for an extensive
review of their mode of action].

The parasporal crystals observed outside of the cells
(Fig. 4d–h), inside ofmother cells (data not shown), and inside
of some vegetative cells (Fig. 4i, j) resembled those produced
by the classical entomopathogen B. thuringiensis during spor-
ulation (Bechtel and Bulla 1976). The production of inclusion
bodies of crystalliferous nature is a common feature in ento-
mopathogenic Bacillus species such as Lysinibacillus
sphaericus (Kalfon et al. 1984), Brevibacillus laterosporus
(Ruiu 2013; Zubasheva et al. 2010), and Paenibacillus
popilliae (Weiner 1978), and more than often, they are the
main virulence factor responsible for the mortality of the in-
sect. This type of crystal inclusion has even been described in
the non-entomopathogenic strain Bacillus licheniformis (Yan
et al. 2007). To our knowledge, this is the first time that a
parasporal body of this nature has been reported in a
B. pumilus strain.

The results obtained from the characterization per-
formed seem to suggest that crystals produced by
B. pumilus 15.1 probably are of protein nature and
m i gh t b e c ompo s e d by t h e 45 - kDa p r o t e i n
overexpressed during spore formation (Fig. 5). As the
parasporal crystals produced by B. thuringiensis are the
main virulence factor responsible for toxicity against
insects, we could also speculate that these inclusions
produced by B. pumilus 15.1 might represent a viru-
lence factor as well. Crystals in B. thuringiensis are
mainly composed of Cry and Cyt proteins and, in many
cases, cry and cyt genes are codified in plasmids. The
possibility that a B. pumilus strain acquired a plasmid
from B. thuringiensis could explain why a non-classical
entomopathogenic species such as B. pumilus showed
insecticidal potency against insects. Studies on the na-
ture of the inclusions, their involvement in toxicity, and
genome characterization of B. pumilus 15.1 strain are
currently underway in order to prove our hypothesis.
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